Intellectual disability (ID) is a clinically and genetically heterogeneous disorder, affecting 1-3% of the general population. Although research into the genetic causes of ID has recently gained momentum, identification of pathogenic mutations that cause autosomal recessive ID (ARID) has lagged behind, predominantly due to non-availability of sizeable families. Here we present the results of exome sequencing in 121 large consanguineous Pakistani ID families. In 60 families, we identified homozygous or compound heterozygous DNA variants in a single gene, 30 affecting reported ID genes and 30 affecting novel candidate ID genes. Potential pathogenicity of these alleles was supported by co-segregation with the phenotype, low frequency in control populations and the application of stringent bioinformatics analyses. In another eight families segregation of multiple pathogenic variants was observed, affecting 19 genes that were either known or are novel candidates for ID. Transcriptome profiles of normal human brain tissues showed that the novel candidate ID genes formed a network significantly enriched for transcriptional co-expression (P o0.0001) in the frontal cortex during fetal development and in the temporal-parietal and sub-cortex during infancy through adulthood. In addition, proteins encoded by 12 novel ID genes directly interact with previously reported ID proteins in six known pathways essential for cognitive function (P o 0.0001). These results suggest that disruptions of temporal parietal and sub-cortical neurogenesis during infancy are critical to the pathophysiology of ID. These findings further expand the existing repertoire of genes involved in ARID, and provide new insights into the molecular mechanisms and the transcriptome map of ID.
INTRODUCTION
Intellectual disability (ID) is a common neurodevelopmental disorder with an onset of cognitive impairment before the age of 18 years [1] [2] [3] and is characterized by significant limitations in intellectual functioning and adaptive behavior. 1 The disease affects 1-3% of the world population; however, its prevalence in the developing world is almost twice that of the affluent world. 4, 5 The causes of nearly 40% of ID remain ambiguous. 6 Among the known causes,~50% of ID cases have an environmental etiology such as poor nutrition, multiple pregnancies with little gap, prenatal/perinatal brain ischemia, postnatal infections and inadequate medical services.
The other half of ID cases has a genetic etiology, such as chromosomal abnormalities or mutations in specific genes. 3, 5 In the western world, de novo heterozygous mutations and genomic copy number changes account for the majority of ID cases. 7 In contrast, recessive ID appears to be more common in consanguineous populations. Identification of gene mutations that cause non-syndromic autosomal recessive ID (ARID) has been notoriously slow because of the scarcity of sizeable families. By 2006, only three genes, CC2D1A, CRBN and PRSS12 had been associated with ARID. [8] [9] [10] After 2006, research studies involving highly inbred populations from North Africa, the Middle East and South East Asia, greatly accelerated the pace of identification of gene mutations that cause ARID. These studies were further augmented by the use of next-generation sequencing. In 2011, Najmabadi et al. 11 applied targeted next-generation sequencing to 136 consanguineous Iranian families, in which homozygosity mapping had previously identified a locus, and reported 23 known and 50 new candidate ARID genes. More recently, exome sequencing (ES) of 143 large consanguineous Saudi Arabian families revealed 33 novel candidate genes involved in different neurological disorders. 12 These studies further highlighted the clinical and genetic complexity of ID and other neurodevelopmental disorders. Intriguingly, not a single gene with pathogenic variants emerged across various populations. Despite this progress, a large number of potential pathogenic gene mutations remain unidentified and warrant further studies in extended families from communities with endogamy.
Consanguineous marriages are practiced by about 20% of the human population, and the extent of consanguinity varies among different citizenry in the world. The rate of consanguineous marriages is 38% in Iran, 13, 14 over 40% in several Middle Eastern countries 15 and above 50% in Pakistan. 16 The elevated level of endogamy in Pakistan has led to the increased prevalence of genetic disorders, including ARID, with an average of 1.1 cases of severe ID and 6.2 cases of mild ID per 100 live births. 17 The present study is designed to identify pathogenic gene mutations that cause ARID in the highly inbred population of Pakistan. In all, 121 families of 8 different ethnicities, exhibiting recessive ID, were enrolled mostly from the rural population of Pakistan. Through a systematic exome-sequencing approach we have identified potential pathogenic variants in 68 of these families: 30 families with a single homozygous DNA variant affecting previously known ID genes and another 30 families with a single homozygous or compound heterozygous variants in novel candidate ID genes. In eight families multiple homozygous variants were identified. We report the phenotype-genotype relationships, the predicted pathogenicity of the newly discovered candidate genes, their co-expression in functional networks in the developing and adult human brain, and possible involvement in various cellular processes.
MATERIALS AND METHODS

Family ascertainment and phenotype analysis
This study was approved by the Institutional Review Board of the Centre of Excellence in Molecular Biology (CEMB), University of the Punjab, Lahore, Pakistan and the Medical Ethical Committee Arnhem-Nijmegen, The Netherlands. The families of our cohort were obtained mainly from the rural populations of all five provinces of Pakistan ( Supplementary Tables S1  and S2 ). Written informed consents were obtained from healthy adult subjects and the parents/legal guardians of minor subjects and ID patients. Specific informed consent was obtained for showing images of patients (Supplementary Figure S1 ). Participating individuals were evaluated with medical history interviews, and ID-related phenotypic features of patients were recorded. All affected individuals were clinically evaluated by both a geneticist and a general medical practitioner, with particular attention to neurological, morphological, ophthalmological, dermatological and skeletal symptoms. Photographs of the face and uncovered limbs were also taken (Supplementary Figure S1 ). In some cases, magnetic resonance imaging and computerized tomography scans were also obtained. A description of developmental milestones was used to evaluate the severity of ID. 18 Only families with confirmed existence of cognitive dysfunction in the affected members were included in this study. Peripheral blood samples were collected from participating subjects. Genomic DNA was isolated following standard procedures. 19 
Exome sequencing and variant selection
Exome enrichment and high-throughput sequencing were performed at the Radboudumc (Nijmegen, The Netherlands), The Wellcome Trust Sanger Institute (Hinxton, as part of the UK10K study) and the University of Maryland as previously described. 20 Selection of high-quality, potentially pathogenic variants was performed using seven major filtration steps (Supplementary Figure S2 and Supplementary Methods).
Sanger sequencing
ES results were confirmed by Sanger sequencing. Primers for the amplification of the exons carrying variants were designed by using Primer3 (ref. 21 ; Supplementary Tables S9 and S10 ).
Predicted involvement of candidate genes in cellular processes and pathways
We researched the available literature and extracted all reported proteinprotein interactions involving the known and the newly identified ID proteins and then entered them into a set of protein-protein interaction networks via the STRING 22 and MATISSE 23 algorithms, which are included in the EXPANDER package tools. 24 Expression of candidate genes in the human brain Brain expression analyses for new ARID genes were conducted using existing data sets in the BrainSpan: Atlas of the Developing Human Brain. 25 Normalized gene expression levels for 26 different brain tissues from 31 different developmental periods were obtained from the BrainSpan RNAseq data set v3 (http://brainspan.org) of the developing human brain.
Co-expression network analysis
Networks of functionally co-expressed genes were identified by using the model of Gulsuner et al. 26 Using the BrainSpan database, gene pairs are defined as connected if the absolute value of the Pearson's correlation coefficient is 40.8 for their expression levels in different brain regions (frontal cortex, temporal-parietal, sensory-motor and sub-cortical) and different developmental stages (fetal, infancy to late childhood and adolescence to adulthood), totaling 12 different networks. For each of these networks the numbers of edges (connections) between each of the novel ID genes was calculated. Random simulations of 10 000 replicates of an equal number of genes randomly selected from the BrainScan database were conducted to establish the significance of the connections. This provided a distribution of edges to estimate an empirical P-value for our novel ID genes.
In addition, we also randomly selected genes from the BrainScan database with an HGNC gene symbol, as well as at least one connection in the temporal region network. We compared an equal number of genes in this set with our ID genes that passed the same filtering criterion, which provided more conservative and consistent P-values.
RESULTS
Recruitment of families
We enrolled a cohort of 121 ID families with a likely autosomal recessive inheritance pattern mostly from the rural areas of Punjab, Sindh, Baluchistan, Khyber Pakhtoon Khawa and Northern areas. The enrolled families comprise eight ethnic groups, namely Punjabi (68.6%), Siraiki (10.8%), Pathan (9%), Urdu speaking (7.8%) and others (Sindhi, Afghan, Baloch and Kashmiri (3.8%); Supplementary Table S1 ). Every family had two or more affected individuals (except PKMR51a) and 111 families had consanguineous unions, while in 74 families the affected individuals were present in separate sibships ( Supplementary Table S2 ).
Genetic analysis
Before ES, the presence of disease-causing copy number variations was excluded by SNP microarray analysis (Affymetrix 250 K SNP array or higher coverage). ES was carried out for DNA samples of 1-3 individuals per family. Selection of the nucleotide variants was performed using the seven-tier filtering strategy (Supplementary Figure S2 ). Sanger sequencing confirmed 359 candidate pathogenic variants. Of these, 80 variants in 77 genes segregated with the ID phenotype. There are six categories of evidence that we are using in this study to support an assertion that a variant is potentially pathogenic. These are (1) segregation analysis; (2) either absence in the dbSNP142 database or a very low allele frequency ( o0.01) in the ExAC Browser database; (3) absence in 213 ethnically matched control individuals; (4) a CADD score 420; Abbreviations: GPI, Glycophosphatidylinositol; NA, Not Applicable. a Chromosomal position according to GRCh37/hg19. b This frameshift allele of CAPN12 has been documented in apparently healthy British-Pakistani individual in a homozygous fashion. 35 Genetics of autosomal recessive intellectual disability S Riazuddin et al (5) pathogenicity prediction by multiple in silico programs; and (6) enrichment of loss-of-function (LOF) and potentially pathogenic variants of known and novel ID genes in patients with ID as compared with individuals with the non-ID phenotype (n = 213; Supplementary Table S3 ).
Pathogenic variants identified in previously reported ARID genes
We identified 34 predicted pathogenic variants in 32 genes previously associated with ID or related neurodevelopmental disorders (Tables 1 and 3a ; Supplementary Figures S3 and S6) . These variants include homozygous missense (n = 21), nonsense (n = 5), frameshift (n = 5) and splice site variants (n = 3). Twenty-five of these variants are novel (Tables 1 and 3a ). All new variants segregated with the disease and were either absent in dbSNP142 or had an allele frequency ⩽ 0.002 in the ExAC Browser 27 (Tables 1  and 3a) .
Most genes were found to be mutated in only one family, suggesting a low incidence of founder mutations underlying ID in the Pakistani population. Two genes, TMEM67 and FRAS1, which carried different variants in two independent families (Tables 1 and 3a). Two families (PKMR61b and PKMR69) carry one homozygous variant each in two unrelated but known ID genes. PKMR61b has variants in TMEM67 and FGFR1 while PKMR69 has variants in FRAS1 and EXOSC8 (Table 3a ; Supplementary Figure S6 ). No carriers of these variants, which were both predicted to be damaging and disease causing, were detected in our populationspecific controls. Two families each harbored a variant in an X-linked gene (ZNF41 and FLNA).
A comparison of the phenotypes of 34 variants in genes known to cause ID shows that in most families the phenotype is similar to the reported entity ( Supplementary Table S4 ). Some deviations do occur, which may result from variable effects of allelic mutations or the effects of genetic modifier variants, which may be particularly relevant in populations with a high consanguinity rate. 28, 29 Pathogenic variants identified in novel candidate ARID genes In 30 families we identified plausible pathogenic variants affecting a single gene that had not been previously implicated in ARID ( Table 2 ; Supplementary Figure S4 ). The majority of these changes were missense variants (n = 23). In addition, we identified frameshift (n = 6), nonsense (n = 1) and splice site (n = 1) variants that result in a truncated protein or are predicted to result in nonsensemediated RNA decay. None of the variants were found in 213 unrelated, ethnically matched control individuals, indicating that they are not indigenous Pakistani polymorphisms. Clustal W (http://www.ebi.ac.uk/Tools/msa/clustalw2/) alignment of protein sequences encompassing the missense variants showed that most of the mutated amino acids are evolutionarily conserved (Supplementary Figure S5) . In 9 of the families there were no notable clinical characteristics besides ID, whereas 21 families exhibited syndromic forms of ID ( Supplementary Table S5 ).
In family PKMR159 a compound heterozygous change was detected in AACS and both variants have a frequency o0.0002 in the ExAC database 27 (Table 2 ). In silico programs support a pathogenic nature of these variants, suggesting that both alleles are pathogenic and may contribute to the ID phenotype. In family PKMR72 a synonymous change (c.2232A4G, p.(Arg813Arg)) was identified in MDGA2 in the acceptor splice site of exon 13, which is predicted to affect splicing by three splice prediction programs (NNSPLICE 30 , HSF 31 and MaxEntScan 32 ).
In eight families, variants in more than one gene were identified (Tables 3a and 3b , ; Supplementary Figure S6 ). Four of these genes have already been implicated in a neurological disease (TMEM67, FGFR1, FRAS1 and EXOSC8), but most variants affect genes that have not previously been connected to human disease phenotypes. Of the 19 co-segregating variants, 18 are missense variants Supplementary Table S6 ), which might be a relatively common phenomenon in consanguineous populations. Next, to determine the functional effect of variants, especially missense, on the secondary structure, stability and interactions of novel candidate ID proteins, we performed in silico molecular modeling using the HOPE and Pyre2 web-based programs. On the basis of the amino-acid sequence and structural homology with proteins with resolved crystal structures, we evaluated the effect of novel missense alleles in new ID proteins (Supplementary Figure S7) . The identified variants are predicted to alter the function of the encoded proteins through their effect (loss off ionic interactions, loss of external interactions, de-stabilization of the core or the provision of more rigidity) on the secondary structure (Supplementary Figure S7) .
Newly identified ARID proteins participate in essential regulatory networks Next, we applied Ingenuity Pathway Analysis 33 to visualize the interactions between the 485 previously reported ID proteins (http://gfuncpathdb.ucdenver.edu/iddrc/iddrc/GeneQuest.php) and our novel candidate ID genes to identify the biological pathways underlying the disease process. The overall analysis, which includes physical interactions, co-expression, activation, inhibition and protein-RNA interactions, suggests that most novel ARID candidate proteins are part of already-established molecular ID gene networks (Figure 1b) . By taking only physical interactions into account, we found the integration of several new ARID candidate proteins in oxidative phosphorylation, mitochondrial dysfunction, PTEN signaling and PPAR/RXR activation (P o0.0001; Figure 1a ).
Functional co-expression networks of ARID genes
To gain insight into the spatio-temporal expression pattern of the new candidate ARID genes, we extracted the mRNAseq data from the Allen Brain Atlas 34 and analyzed the expression patterns in developing and adult human brain tissues ( Supplementary Tables  S7 and S8 ). All new candidate ARID genes are expressed in the human brain from a very early development stage to adulthood ( Supplementary Table S8 ).
When examining the co-expression functional networks for our genes from the BrainScan database, we find that they are significantly (Bonferroni-corrected α ⩽ 0.0042) co-expressed in the adult brain in all four brain regions and that they are significantly (Bonferroni-corrected P-value o 0.0001) co-expressed in the temporal-parietal and sub-cortical regions from infancy to late childhood (Figure 2a ). The phenotype observed in most of our ID families is established at birth, so to further evaluate coexpression during embryonic stages, we re-examined the normalized mRNAseq data at various post-conception weeks (p.c.w.). We found significant co-expression of ID genes in the frontal cortex region from 12 p.c.w. onwards (Figure 2b) . Later in embryonic development (24-37 p.c.w.) ID genes are also co-expressed in the temporal-parietal and sub-cortical regions (Figure 2b) , which persisted from infancy to late childhood (Figure 2a ).
DISCUSSION
We report the results of ES in a cohort of 121 consanguineous Pakistani families. Likely causative variants in known ID genes were identified in 30 of these families. In addition, a single likely pathogenic variant affecting genes not previously implicated in ID was identified in 30 families, and 8 families had multiple variants segregating with the ID phenotype (Figure 3 ). Replication of this study in independent families is warranted to add these genes to the rapidly growing list of bona fide genes implicated in ID. In fact, during the submission phase of this manuscript-independent mutations in ARID phenotypes were already reported for two genes: DPH1 (ref. 35 ) and TANGO2. 36, 37 Other arguments that strengthen the involvement of the candidate ID genes are the disruptive nature of missense mutations as observed by modeling of the protein structure ( Supplementary Figure S7) , the cooccurrence of ARID candidate genes in common regulatory pathways (Figure 1 ) and the co-expression of these genes in distinct regions of the human brain ( Figure 2 ). Further credit for the involvement of the new candidate ID genes is provided by the pattern of mutations. The frequency of predicted LOF alleles (that is, nonsense, frameshift or splice site variants) in known ID genes is 13/34 (38.24%), whereas their occurrence for new candidate genes is 8/30 (26.67%), and only 1/15 (6.67%) for candidate genes in families with multiple segregating variants. These LOF variants in the new candidate genes, METTL4, METTL5, CAPN12, MDGA2, UBE2J2, CCDC82, PUS7, SLC7A10 and TBC1D23, have the highest confidence of causality. In addition, we analyzed the exomes of 213 unrelated Pakistani control individuals for variants affecting the known ID genes and the novel candidate ID genes that we have identified in our cohort. Importantly, homozygous and compound heterozygous variants that would have passed our stringent filtering criteria were identified in eight different genes. Five of these are known ID genes (APTX, ASPM, FLNA, POMT2 and SYNE1), and only three are new candidate ID genes, of which two were found in families with multiple segregating variants (ESYT3 and SLC45A4) and one affecting a gene (GGN) that harbored the single segregating variant in the respective family. The relative high occurrence of LOF alleles in families with single segregating variants, as well as the paucity of predicted pathogenic variants in these genes in a control cohort provides strong support for the involvement of the candidate ID genes listed in Table 2 .
Recently, ES of 3222 apparently healthy British adults of Pakistani heritage revealed 1111 rare homozygous variants in 781 genes, including a frameshift allele (c.658_659delAA) in one of the novel candidate genes CAPN12. 38 No other homozygous LOF allele was observed in any novel ID candidate gene. We found the same frameshift allele ( Table 2) segregating with a moderate ID phenotype ( Supplementary Table S5 ) in two affected individuals of family PKMR64 (Supplementary Figure S4 ). There are at least three possible reasons to explain these observations. First, the LOF variant we identified in CAPN12 is not causative for the moderate ID phenotype in family PKMR64, and CAPN12 should be discarded as candidate ID gene. Second, without comprehensive assessment of mental health it is hard to rule out that the British-Pakistani individual has a mild ID phenotype similar to the phenotype in family PKMR64. Indeed, there are indications to question the health status of all individuals of the British-Pakistani cohort. For example, the reported genetic variants include homozygous LOF alleles in AHI1, C12orf57 and POMGNT1 genes, which are known to underlie the severe neurological disorders, Joubert syndrome 39 , Temtamy syndrome 40 and muscle-eye-brain disease and other muscular dystrophy-dystroglycanopathies, 41 respectively. Variants identified in the British-Pakistani adults also include LOF alleles in GJB2, MYO3A and COCH genes, which are known to cause hearing loss in humans. [42] [43] [44] Third, there could be a protective or modifier genetic variant present in the British adult, which could render the effect of c.658_659delAA allele of CAPN12. 45, 46 In the remaining 53 families, no high-confidence DNA variants was identified. This might be accounted for by several factors. First, it is possible that some causative variants have not passed our stringent filtering criteria. Second, genetic heterogeneity is likely to occur, even within some of the families we have studied. Such phenocopies would disrupt the segregation of DNA variants across all affected individuals in the studied pedigrees. Third, it is possible that some of the phenotypes with mild to moderate ID are caused by the digenic or oligogenic inheritance of rare variants or polymorphisms with low effect size. Finally, some mutations may have escaped detection by ES and may reside in non-coding regions or regions poorly covered by exonic enrichment. 
Intellectual disability and other neurodevelopmental disorders
There is a growing body of evidence that categorical neurodevelopmental disorders such as ID, autism spectrum disorders, attention deficit/hyperactivity disorders and learning disorders lack precise boundaries in their clinical definitions, epidemiology, genetics, and molecular and cellular networks. [47] [48] [49] [50] [51] [52] Accordingly, cognitive and 8 for their expression levels in different brain region (frontal cortex, temporal-parietal, sensory-motor and sub-cortical) and different developmental stage (fetal, infancy to late childhood and adolescence to adulthood). Connections of co-expression genes at three development stages and four brain regions were plotted. Dotted lines indicate numbers of connections (edges) in networks created using target genes. Histograms represent distributions of the numbers of edges in 10 000 simulated networks using a similar number of random genes. *Represents the significance enrichment with P less than adjusted P-value. (b) Co-expression of novel ID candidate genes during embryonic developmental stages for the same four brain regions. behavioral comorbidities such as attention deficit/hyperactivity disorders, speech delay and aggression are also frequently seen in the ID families studied here. In our study, 21.88% of the families (7 of 32) with mutations in known genes ( Supplementary Tables S4  and S6 ) and 33.33% of the families (12 of 36) with variants in novel candidate ARID genes resulting in clinical phenotypes that include epilepsy ( Supplementary Tables S5 and S6 ). These results are not unexpected because the prevalence of epilepsy in individuals with some degree of ID ranges from 5.5 to 35%. 53 The prevalence of epilepsy grows with increasing severity of ID, with 15% of individuals with mild to moderate ID also exhibiting epilepsy and more than 30% of those with severe ID. 54 This high prevalence underscores the importance of identifying largely unknown common genetic factors with a causative role in epilepsy and ARID. A striking example is provided by family PKMR82, in which a homozygous nonsense mutation (p.Arg65*) in KCNA2 was associated with mild to moderate ID, speech delay, strabismus, walking delay and epilepsy. Recently, de novo KCNA2 missense mutations were associated with epileptic encephalopathy, ataxia, variable ID 55, 56 and other features reminiscent of those found in family PKMR82. These de novo missense mutations exert dominant effects by gain-of-function and dominant-negative mechanisms. The nonsense mutation in PKMR82 represents the first true LOF allele of KCNA2, which apparently has no phenotypic consequences in heterozygous mutation carriers.
Combinatorial ID phenotypes
We observed a syndromic ID phenotype in most of the studied families ( Supplementary Tables S4-S6 ). These syndromic ID phenotypes could be attributed to the variant of a single gene in most families, but we have also observed multiple independently segregating variants in eight families (6.6%) of our cohort (Tables 3a and 3b ). This high co-occurrence of multiple potential disease-causing alleles may lead to the occurrence of composite recessive phenotypes. Both families PKMR61b and PKMR69 have segregating variants in two independent known disease genes. On the basis of the clinical presentation of previous mutations, in families PKMR61b and PKMR69 it seems that the core phenotypic features are attributable to just one of the two variants: TMEM67 in family PKMR61b and EXOSC8 in family PKMR69. Such inferences cannot be made for families in which segregating variants are seen in multiple novel candidate ID genes. For example, in family PKMR131 independent variants in ESYT3 and CCT6B are associated with an unremarkable phenotype consisting of mild ID, speech delay, slow learning and aggressive behavior. CCT6B and ESYT3 have not been connected to any human disorder so far, and therefore the variants in either or both of these genes could contribute to the phenotype. Functional properties of novel ARID genes A comprehensive evaluation of the transcriptome profiles of normal human brain tissues revealed that the ID genes are significantly co-expressed in the frontal cortex region from 12 p.c.w. onwards, and in the temporal-parietal and sub-cortical regions from infancy to late childhood, implicating these regions in the pathogenesis of ID. These brain regions incorporate external and internal information and their disruptions have been associated with various disorders, such as amnesia, Alzheimer's disease and schizophrenia, 57 which further support the notion of shared molecular networks between various brain disorders. At later stages, we also found significant co-expression in the frontal cortex and sensory-motor regions (Figure 2a ), which suggests that many of the ID genes might also have an important role in postnatal mechanisms, such as fine-tuning of synaptic connectivity, circuitry formation, and acute synaptic and other neural processes. Evidence for the involvement of postnatal mechanisms in ID is provided by studies with conditional (postnatal) knockout mice, 58, 59 as well as studies with postnatal interventions in ID mouse models that are a basis of clinical trials for human ID disorders, such as Fragile X syndrome, Down syndrome and neurofibromatosis. [60] [61] [62] Common regulatory pathways involving new ARID genes Only few of the novel ID genes seem to relate to molecular pathways and networks that have been previously implicated in dominant and X-linked forms of ID, such as pre-and post-synaptic signaling, transcription regulation and epigenetic mechanisms. 48, 51, 52 An exception is UBE2J2, encoding a ubiquitin-conjugating enzyme, which represents an emergent mechanism for regulating synapse function by post-translational modification through the ubiquitin pathway at the postsynaptic membrane. 63 Proteolysis by the ubiquitin proteosome pathway is recognized as a major molecular pathway leading to several neurodevelopmental 48 and neurodegenerative diseases. 64 Previously identified gene networks that are commonly disrupted in ID and other neurodevelopmental disorders are composed of genes that are highly dosage-sensitive. Thus, these pathways might represent other neurobiological processes than those that are affected by recessive mutations.
CONCLUSION
Our study demonstrates the clinical utility of consanguineous populations for the elucidation of the molecular basis of very heterogeneous recessive disorders. Uncovering candidate genes for such disorders in inbred families will trigger the identification of matching mutations in other populations. In addition, a major strength of the present study is the presentation of the clinical profiles in conjunction with the reported candidate gene mutations. Therefore, the large collection of data presented in this manuscript is expected to facilitate the interpretation of DNA variants in diagnostic exome studies of patients with difficult-to-diagnose neurodevelopmental disorders. Future work using model systems may aid in unraveling and revealing the functional integration of different molecular networks in normal brain development and activity, which could add another level to neurological disorder diagnosis and more effective targeted therapy.
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